1. Introduction
===============

Stroke is the second most common cause of death worldwide, and accounts for 6.7 million deaths (11.9% of total deaths) annually \[[@B1-molecules-20-00335],[@B2-molecules-20-00335]\]. Ischemic stroke accounts for 80%--90% of all cases of strokes \[[@B3-molecules-20-00335]\], and atherosclerosis is a common condition that increases the risk of stroke \[[@B3-molecules-20-00335],[@B4-molecules-20-00335]\]. Atherosclerosis is a chronic inflammatory process affecting the large- and medium-size arteries, including those in the brain \[[@B5-molecules-20-00335]\]. Large accumulation of lipids within artery walls stimulates a series of inflammatory responses---the stimulated endothelial cells attract T lymphocytes and monocytes, which transform into macrophages and ingest oxidized low-density lipoprotein (ox-LDL) to become foam cells. This complex structure, which includes subendothelial lipid accumulation, an increased number of extracellular matrix proteins, and diverse immune cell populations, is termed a plaque. In the microenvironment of inflammation, vascular smooth muscle cells (VSMCs) migrate and proliferate to form the cap of the plaque. Disruption of the cap attracts platelets, and coagulation proteins accumulate to form a thrombus. The development of such a lesion in the brain could lead to a thrombotic stroke and the traveling of an embolus to the brain could lead to an embolic stroke, which could cause ischemia in the area supplied by the affected artery \[[@B5-molecules-20-00335],[@B6-molecules-20-00335],[@B7-molecules-20-00335]\]. The inflammatory pathophysiology of ischemic stroke has been studied for many years. Oxygen and glucose deprivation causes excitotoxicity, calcium overload, and oxidative stress, thus resulting in cell death in the infarct core \[[@B8-molecules-20-00335]\]. Inflammation is involved in vasculitis, blood-brain barrier leakage, and further tissue damage. Oxidative stress causes the creation of inflammatory cells and the release of cytokines that together cause cellular damage in the infarct and peri-infarct area \[[@B9-molecules-20-00335]\]. The damaged brain tissue releases inflammatory mediators that break down the blood-brain barrier and induce a robust inflammatory response in the lesion \[[@B10-molecules-20-00335]\]. Activated microglia, the main immune cells in the central nervous system (CNS), release neurotransmitters and interact with neurons, thus contributing to post-ischemic inflammation. In addition, activated microglia and infiltrating macrophages contribute to tissue repair by removing dead cells \[[@B11-molecules-20-00335]\]. Thus, the post-stroke inflammatory response is involved in tissue reconstruction and repair \[[@B12-molecules-20-00335]\].

A key protein complex in the inflammatory response is the transcription factor nuclear factor κ-light-chain-enhancer of activated B cells κB (NF-κB), which is activated by a series of inflammatory molecules such as interleukin (IL)-6, IL-8 and tumor necrosis factor (TNF)-α. NF-κB initiates the expression of inflammatory cytokines and regulators of apoptosis. The NF-κB pathway includes NF-κB, the inhibitor κB (IκB), and IκB kinase (IKK). Ox-LDL in atherosclerosis is associated with NF-κB signaling in a dose-dependent manner, by upregulating the expression of proinflammatory genes \[[@B13-molecules-20-00335]\]. In addition to the activation of endothelial cells and pathogenic proteins, the accumulation and proliferation of VSMCs are regulated via the NF-κB pathway in atherosclerosis. The role of the NF-κB pathway in ischemic stroke is complex and is still being investigated. Acute NF-κB activation was observed in an animal model of ischemic stroke (middle cerebral artery occlusion), and inhibition of NF-κB expression was associated with a reduced infarct size and decreased neurological deficits \[[@B14-molecules-20-00335]\]. In the neurovascular unit, neuronal NF-κB inhibition reduced stroke size and apoptosis, while astroglial NF-κB inhibition had no effect \[[@B15-molecules-20-00335]\]. Inhibition of the NF-κB pathway may provide a basis for the development of therapeutic strategies for the prevention and treatment of atherosclerosis and ischemic stroke.

Vinpocetine is an alkaloid extracted from the periwinkle plant, and is a derivative of the alkaloid vincamine. Its structure is shown in [Figure 1](#molecules-20-00335-f001){ref-type="fig"} \[[@B16-molecules-20-00335]\]. It has been used to enhance cerebral circulation and cognitive function for several years, and is currently being used in many countries as a dietary supplement to prevent cerebrovascular disorders and symptoms associated with aging \[[@B17-molecules-20-00335],[@B18-molecules-20-00335]\]. Vinpocetine is an inhibitor of phosphodiesterase type 1 (PDE1), which can lead to increases in cAMP and cGMP, thus initiating plasticity-related gene expression \[[@B19-molecules-20-00335]\]. Vinpocetine has a high affinity for the 18-kDa translocator protein (TSPO), which is a biomarker of activated microglia, and inhibits microglial proliferation through the NF-κB/activator protein-1 (AP-1) pathway. It also suppresses the release of inflammatory factors \[[@B20-molecules-20-00335]\]. Vinpocetine suppressed the release of proinflammatory molecules by inhibiting the inhibitor of the IKK/NF-κB pathway after TNF-α stimulation \[[@B18-molecules-20-00335]\], and also inhibits oligodendroglial precursor cell differentiation thus having a direct negative effect on remyelination \[[@B21-molecules-20-00335]\]. This review will examine the evidence for the anti-inflammatory function of vinpocetine in atherosclerosis and ischemic stroke.

![Chemical structure of vinpocetine.](molecules-20-00335-g001){#molecules-20-00335-f001}

2. Anti-Inflammatory Effects of Vinpocetine in Atherosclerosis and Ischemic Stroke
==================================================================================

2.1. Anti-Inflammatory Effects of Vinpocetine in Atherosclerosis
----------------------------------------------------------------

### 2.1.1. Vinpocetine Inhibits the Progression of Atherosclerosis

Atherosclerosis has been known as an inflammatory disease for many years and can lead to ischemia of the heart, brain, or extremities, resulting in an infarction \[[@B7-molecules-20-00335]\]. Pathogen-associated molecular patterns (PAMPs) evoke the inflammatory response to atherosclerotic damage, and mononuclear phagocytes are important to this response \[[@B22-molecules-20-00335]\]. An increase in the expression of vascular cell adhesion molecule-1 (VCAM-1) and P-selectin occurs in endothelial cells in the presence of ox-LDL and inflammatory cytokines \[[@B23-molecules-20-00335]\]; this increase, in combination with E-selectin---which is only found on endothelial cells and is stimulated by the expression of P-selectin \[[@B24-molecules-20-00335]\]---contributes to blood leukocyte recruitment \[[@B25-molecules-20-00335]\]. The oxidation of lipoprotein and proinflammatory cytokines, such as IL-1β and TNF-α, activates NF-κB, thus inducing VCAM-1 gene transcription \[[@B26-molecules-20-00335]\]. Through regulation by NF-κB, the production of chemokines, such as the monocyte chemoattractant protein-1 (MCP-1) and IL-8, aids in the recruitment of monocytes to the endothelial cells. By targeting the NF-κB pathways, vinpocetine inhibits the transcription of adhesion molecules, selectins, and proinflammatory cytokines, and consequently inhibits monocyte adhesion in human umbilical vein endothelial cells (HUVECs) \[[@B27-molecules-20-00335],[@B28-molecules-20-00335]\]. MCP-1 is pivotal in the transformation of monocytes into macrophages \[[@B6-molecules-20-00335]\], and through NF-κB, vinpocetine can indirectly impact this process. Proinflammatory cytokines, such as IL-6, TNF-α, MCP-1, matrix metallopeptidase 9, and reactive oxygen species (ROS), released by macrophages that have phagocytosed ox-LDL, are also inhibited by vinpocetine through NF-κB \[[@B18-molecules-20-00335],[@B29-molecules-20-00335]\]. The endothelial cells secreting growth factors, such as platelet-derived growth factor (PDGF), promote the abnormal migration and proliferation of VSMCs, which can be inhibited by vinpocetine \[[@B27-molecules-20-00335],[@B30-molecules-20-00335]\]. Extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) and Akt both regulate VSMC growth and migration through distinct signaling pathways \[[@B31-molecules-20-00335]\]. Cai and colleagues found that vinpocetine specifically inhibited PDGF-BB-induced ERK1/2 phosphorylation, but not Akt phosphorylation, thus inhibiting PDGF-induced VSMC proliferation and migration. In addition, vinpocetine markedly inhibited the intracellular ROS generation induced by PDGF \[[@B30-molecules-20-00335]\]. Vinpocetine enhances the collagen content and significantly increases fibrous cap thickness, thus stabilizing the atherosclerotic plaque \[[@B29-molecules-20-00335]\]. Although PDE1 was initially thought to be the target for vinpocetine \[[@B32-molecules-20-00335]\], IKK/NF-κB and ERK1/2 appear to be the pathways inhibited by vinpocetine, by reducing the inflammatory response in VSMCs. Vinpocetine relaxes cerebral VSMCs, thus enhancing cerebral blood flow \[[@B33-molecules-20-00335]\]. The above research indicates that vinpocetine is able to inhibit many steps in the progression of atherosclerosis, which is important for the prevention of stroke ([Figure 2](#molecules-20-00335-f002){ref-type="fig"}).

### 2.1.2. Vinpocetine and the Adaptive Immune Response in Atherosclerosis

The involvement of the adaptive immune response in atherosclerosis is demonstrated by the presence of antibodies against ox-LDL epitopes in the sera of patients with atherosclerosis \[[@B34-molecules-20-00335]\]. The innate immune response involves the secretion of chemokines and cytokines, along with antigen presentation, and initiates the adaptive immune response, which is important to lesion progression. In this process, dendritic cells specifically initiate antigen-specific immunity and promote the activation and polarization of T cells \[[@B22-molecules-20-00335]\]. Most of the T cells in atherosclerotic lesions bear the CD3 and CD4 markers and the T-cell antigen receptor αβ+. CD8+ cytotoxic T cells are also abundant in the plaques, which may indicate their role in inflammation \[[@B35-molecules-20-00335]\]. The secretion of cytokines such as interferon-γ, IL-2, TNF-α, and TNF-β by lesional T cells causes the activation of macrophages and vascular cells. Of these, TNF-α can initiate the NF-κB signaling pathway. Tregs are another potential contributor, and represent 1%--5% of all T cells in the atherosclerotic lesions. Tregs have anti-inflammatory and immune regulation functions. A reduced number of Tregs in unstable plaques suggests their protective role in atherosclerosis \[[@B36-molecules-20-00335]\]. Recently, B cells have been implicated in the pathogenesis of atherosclerosis. Oligoclonal B cells are found in lesions and undergo antigen driven proliferation \[[@B37-molecules-20-00335]\]. The NF-κB pathway is important in both innate and adaptive immunity and controls T cell development \[[@B38-molecules-20-00335]\]. Vinpocetine acts as an anti-inflammatory agent through the NF-κB pathway and affects many types of cells involved in the formation of atherosclerotic lesions; however, the effect of vinpocetine on the T and B cells in disease development requires further study.

![Vinpocetine inhibits the progression of atherosclerosis through the inhibition of IKK/NF-κB. Nuclear factor κ-light-chain-enhancer of activated B cells κB (NF-κB) is a protein complex that controls DNA transcription. It is a major transcription factor that regulates the genes responsible for both the innate and adaptive immune responses. In its inactive state, NF-κB is present in the cytoplasm, attached to the inhibitor of IκB kinase (IKK). When activated by inflammatory signals, the IKK complex phosphorylates and thus activates the inhibitor of κB (IκB). When IκB does not bind to specific DNA sequences (called response elements) to regulate translation, NF-κB is activated and translocates into the nucleus. This results in the triggering of adhesion molecules and cytokines, such as interleukin (IL)-1, IL-2, IL-6, and tumor necrosis factor-α, as well as the activation of chemotaxis. Vinpocetine inhibits the expression of vascular cell adhesion molecule-1 and the E- and P-selectins through the inhibition of NF-κB in endothelial cells, resulting in reduced blood leukocyte attraction and recruitment. By inhibiting monocyte chemoattractant protein-1 production in endothelial cells, vinpocetine affects transformation of monocytes into macrophages, thus further reducing the production of proinflammatory factors through IKK in macrophages. Vinpocetine reduces the expression of growth factors in endothelial cells, which then suppresses the migration and proliferation of vascular smooth muscle cells. This inhibition on VSMCs proliferation and migration occurs through the phosphorylation inhibition of platelet-derived growth factor-BB-induced extracellular signal-regulated protein kinases 1 and 2, and by inhibiting IKK-induced proinflammatory factor production.](molecules-20-00335-g002){#molecules-20-00335-f002}

2.2. Anti-Inflammatory Effects of Vinpocetine in Ischemic Stroke
----------------------------------------------------------------

### 2.2.1. Vinpocetine Inhibits Early Inflammation in Ischemic Stroke by Inhibiting IKK/NF-κB

Once the atherosclerotic plaque ruptures, blood clotting will lead to rapid enlargement and, eventually, complete obstruction of the cerebral blood vessels, which will cause ischemia in the brain. The post-stroke inflammatory response has been studied for many years \[[@B39-molecules-20-00335]\]. In 2008, a Cochrane review reported that there was insufficient evidence to evaluate the effect of vinpocetine on survival or a patient's future dependency on others for care and activities of daily living in patients suffering an acute ischemic stroke \[[@B40-molecules-20-00335]\]. A 2014 multicenter clinical study in China demonstrated that vinpocetine can reduce the level of disability during the early phase of stroke and can improve quality of life and cognitive ability after a stroke \[[@B41-molecules-20-00335]\].

Obstruction of focal cerebral blood flow leads to oxygen and glucose depletion and neuronal death. Early ischemia and reperfusion (I/R) causes hypoxia, changes in shear stress, and the production of oxidative stress in endothelial cells that leads to microvascular occlusions \[[@B11-molecules-20-00335]\]. Studies have shown that vinpocetine selectively affects cerebral blood flow without influencing systemic circulation \[[@B42-molecules-20-00335]\] and improves the metabolism of oxygen and glucose in the brain, thus enhancing tissue tolerance of anoxia \[[@B43-molecules-20-00335]\]. Vinpocetine acts on IKK, upstream of NF-κB, and inhibits TNF-α-induced NF-κB activation and the subsequent induction of proinflammatory mediators in VSMCs and endothelial cells \[[@B18-molecules-20-00335]\].

Ischemia-stimulated neurons release glutamate, thus activating glutamate receptors, which leads to a massive Na^+^ and Ca^2+^ influx. The increasing intracellular Na^+^ and Ca^2+^ concentrations in neurons are responsible for cell swelling and damage. High Ca^2+^ concentrations also activate Ca^2+^-dependent enzymes, thus resulting in oxidative stress. Vinpocetine selectively inhibits voltage-sensitive sodium (Na^+^) channels, thus inhibiting Ca^2+^ accumulation in the cells, and consequently inhibits neuronal damage. Vinpocetine also elicits an antioxidant effect in neurons \[[@B44-molecules-20-00335]\]. TSPO is targeted during the preservation of mitochondrial functions, and may also be targeted when vinpocetine protects neurons \[[@B45-molecules-20-00335]\]. However, the results indicate that vinpocetine does not exert its neuroprotective effects through this target \[[@B46-molecules-20-00335]\]. Damaged neurons release danger-associated molecular patterns (DAMPs) that activate and infiltrate immune cells which secrete proinflammatory cytokines, thus contributing to neuron damage. DAMPs include ATP, nicotinamide adenine dinucleotide (NAD), heat shock protein (HSP), and high-mobility group box 1 protein (HMGB1). HMGB1 activates the Toll-like receptors (TLRs), especially TLR4, on microglia, perivascular macrophages, and brain endothelial cells \[[@B47-molecules-20-00335]\]; blocking TLR4 activation and neutralizing monoclonal anti-HMGB1 antibodies results in smaller infarct sizes \[[@B48-molecules-20-00335]\]. Vinpocetine inhibits the NF-κB pathway-mediated release of inflammatory cytokines, such as TNF-α, IL-1β, IL-12, and chemokines, which can, in turn, activate NF-κB to enhance the inflammatory reaction \[[@B49-molecules-20-00335]\]. In the perivascular space, I/R causes perivascular macrophage activation, the release of proinflammatory mediators by macrophages (which contribute to the endothelial expression of adhesion molecules), and blood-brain barrier damage (which promotes the infiltration of leukocytes) \[[@B50-molecules-20-00335]\]. Vinpocetine can inhibit this process \[[@B18-molecules-20-00335]\]. At the same time, following I/R damage, neutrophils, macrophages, and microglia, including T cells, NK cells, and dendritic cells, infiltrate the lesion. T cells express and secrete chemokines, such as MCP-1, which attract cells to the damaged area \[[@B51-molecules-20-00335]\]. After 4--6 h of ischemia, circulating leukocytes adhere to the vessel walls, leading to migration and accumulation in the ischemic brain lesion, which results in secondary injury. Neutrophils are highly associated with damage; inhibiting the adhesion molecules that facilitate neutrophil entry into the injured brain improves neurological outcomes \[[@B52-molecules-20-00335]\]. This can be accomplished by vinpocetine's inhibition of IKK/NF-κB in endothelial cells and macrophages \[[@B18-molecules-20-00335]\]. The protective effect seen in lymphocyte-deficient mice, or caused by blocking postischemic trafficking of T cells into the ischemic brain, occurs 24--48 h after ischemia \[[@B53-molecules-20-00335]\] ([Figure 3](#molecules-20-00335-f003){ref-type="fig"}).

![Vinpocetine inhibits the progression of stroke through the inhibition of IKK/NF-κB. Vinpocetine inhibits the expression of vascular cell adhesion molecule-1 and the E- and P-selectins through the inhibition of nuclear factor κ-light-chain-enhancer of activated B cells κB (NF-κB) in endothelial cells. This action protects the blood-brain barrier and reduces blood leukocyte attraction and recruitment. Vinpocetine protects neurons by inhibiting voltage-sensitive sodium channels and inhibiting cellular Ca^2+^ accumulation, which can lead to cell swelling and damage. Damaged neurons release danger-associated molecular patterns, which activate microglia and macrophages through Toll-like receptor 4 activation in the NF-κB pathway. Vinpocetine hinders this process by inhibiting inflammatory cytokine release and magnification. Although vinpocetine does not affect the activation of microglia, it inhibits the proliferation of microglia through NF-κB and the activator protein-1 transcription factors, which are major transcription factors that regulate the genes responsible for both the innate and adaptive immune responses and are important in the differentiation of T cells.](molecules-20-00335-g003){#molecules-20-00335-f003}

### 2.2.2. Vinpocetine Inhibits the Proliferation of Microglia by Inhibiting IKK/NF-κB

Microglia are the resident macrophages in the brain and spinal cord and act as the main active immune defense in the CNS, by modulating the neuroinflammatory processes. A key initial event in stroke is the rapid activation of resident immune cells, primarily microglia. Once activated, microglia produce inflammatory mediators and proteases, which exacerbate the ischemic damages in the brain, and at the same time exert a neuroprotective effect by phagocytosing dead cells and tissue debris and secreting neuroprotective factors, such as insulin-like growth factor \[[@B9-molecules-20-00335],[@B54-molecules-20-00335]\]. Postischemic inflammation involves the activation and accumulation of microglia within the brain tissue, which lead to inflammatory injury \[[@B55-molecules-20-00335]\]. Vinpocetine inhibits the proliferation of microglia through NF-κB/AP-1 and suppressed the release of inflammatory factors. Although microglia remove damaged cells, promote neurogenesis, induce the reestablishment of a functional neuronal environment through the restoration of the myelin sheath, and release neurotrophic factors and anti-inflammatory molecules, activated microglia also contribute to neuronal damage by producing NO, IL-1β, IL-6, and TNF-α. Vinpocetine inhibits the production of these molecules, and thus inhibits CNS inflammation \[[@B20-molecules-20-00335]\]. When both lipopolysaccharide and oxygen-glucose deprivation-treated BV-2 microglia are exposed to vinpocetine-conditioned media, the death of primary cultured neurons declines markedly, thus demonstrating the neuroprotective effect of vinpocetine.

### 2.2.3. Vinpocetine and the Adaptive Immune Response after Ischemic Stroke

Studies have found that the adaptive immune response plays an important role in post-ischemic stroke, and classic adaptive immunity reportedly contributes to ischemic brain injury. γδT cells release IL-17, which contributes to injury, whereas Treg cells have a protective role during the late stages of ischemic stroke; however, the role of Tregs in stroke is controversial \[[@B56-molecules-20-00335]\]. NF-κB is a major transcription factor that regulates the genes responsible for both the innate and adaptive immune responses, and is important in the differentiation of T cells \[[@B38-molecules-20-00335]\]. By influencing this transcription factor, vinpocetine can reduce the level of disability during the early phase of stroke, and can improve quality of life and cognitive ability after stroke \[[@B41-molecules-20-00335]\]. More importantly, vinpocetine influences IKK/NF-κB in many cell types, thus reducing the release of inflammatory factors. Therefore, we hypothesize that vinpocetine also has an impact on post-stroke adaptive immunity. However, there is no direct evidence showing that vinpocetine affects the adaptive immune response, and this remains an area for future study.

Tissue reconstruction and repair occur following a stroke. These processes include the removal of dead cells, the development of an anti-inflammatory milieu, and the generation of prosurvival factors \[[@B11-molecules-20-00335]\]. Microglia and infiltrating macrophages phagocytose dead cells and tissue debris after a stroke, and transforming growth factor-β and IL-10---which are promoted by phagocytosis---promote the resolution of inflammation and exert direct cytoprotective effects on the surviving cells. These steps suggest that vinpocetine may affect many steps in the post-stroke process. However, vinpocetine's impact on the adaptive immune response and its mechanism of action in adaptive immunity require further study.

3. Conclusions
==============

Inflammation and immunity are involved in lesion formation in both atherosclerosis and ischemic stroke, and the NF-κB pathway plays an important role in their progression. Vinpocetine influences many steps in atherosclerosis and ischemic stroke by affecting endothelial cells, VSMCs, macrophages, and microglia, and by inhibiting the release of many inflammatory mediators by suppressing the IKK/NF-κB pathway. Thus, vinpocetine exerts a neuroprotective effect through anti-inflammatory mechanisms. The adaptive immune response has emerged as a contributor to the pathogenesis of atherosclerosis and ischemic stroke, and the activation and development of T and B cells in the adaptive immune response are influenced by NF-κB. However, the effect of vinpocetine on adaptive immunity and the adaptive immune response requires further study.
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